Background-Cerebral microembolization during cardiopulmonary bypass may lead to cognitive decline after cardiac surgery. Transfusion of the unprocessed shed blood (major source of lipid microparticulates) into the patient during cardiopulmonary bypass is common practice to reduce blood loss and blood transfusion. Processing of shed blood with cell saver before transfusion may limit cerebral microembolization and reduce cognitive decline after surgery. Methods and Results-A total of 226 elderly patients were randomly allocated to either cell saver or control groups.
R ecently, cardiopulmonary bypass (CPB) has celebrated its 50th anniversary demonstrating its vital role in the cardiac surgery setting. Although the practice of running CPB has changed over the years, some of the mainstay components of the CPB circuit have remained the same. One of these components is a cardiotomy suction reservoir that is used to return "suctioned" blood from the wound, sternum, and thorax back to the patient to reduce blood loss and blood transfusion. However, the blood collected in cardiotomy suction contains high levels of cellular debris and lipid microparticulates, 1,2 which have been shown to cause microembolization to the brain blood vessels. 3 One pathology study examined tissue blocks from the brains of patients who died after cardiac surgery from nonneurological causes. The pathological and chemical features of the multiple cerebral microemboli closely resembled the brain microemboli that originated from cardiotomy suction blood in experimental animal studies. 4 Cerebral microembolization is considered one of the most likely causal factors leading to cognitive decline after cardiac surgery, which occurs in a considerable number of patients and may result in reduced quality of life during otherwise successful surgery. 5, 6 
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Previous investigators have shown that when shed blood from the cardiotomy reservoir was processed with a cell saver device, it considerably reduced cerebral lipid microembolization. 7 Cell savers are commonly used in noncardiac surgery when excessive blood loss is a concern (eg, abdominal aortic aneurysm surgery). Cell savers clean and process shed blood, making it suitable for retransfusion into the patient. In addition to effective removal of fat particles, cell savers appear to be efficient in removing cytokines, S-100␤ protein, platelet and fibrin aggregates, and complement and coagulation activation products from shed blood. 8 -11 Removal of these factors from shed blood may reduce the incidence of cognitive decline after cardiac surgery by decreasing the risk of microembolization and/or decreasing the amount of inflammatory activation. However, there have been no human studies investigating a direct link between fat emboli and cognitive dysfunction after cardiac surgery. Consequently, the link between lipid emboli and postoperative cognitive decline is inferential and not definitive because the data are from either animal or human autopsy studies. 12 A recent evidence-based review assigned a class IIb, level B evidence for blood cell processing and secondary filtration in decreasing the deleterious effects of reinfused shed blood. 13 More studies are required to build up level I clinical evidence.
The objective of this study was to determine whether the replacement of cardiotomy suction with a continuous-flow cell saver device would improve neuroprotection by minimizing cerebral microembolization and reduce cognitive decline in elderly patients after coronary artery bypass graft (CABG) surgery. We therefore performed a randomized, doubleblinded trial of cell saver versus cardiotomy suction (ie, control) to test our hypothesis.
Methods

Study Population
After approval by the University Health Network Research Ethics Board, informed consent was obtained from 233 patients older than 60 years who were scheduled for elective CABG surgery. We focused on patients older than 60 years because of their increased risk of postoperative cognitive decline, thereby increasing our ability to detect a clinically significant reduction in cognitive impairment. Patients were excluded if they required redo CABG surgery, emergent surgery, or a surgical procedure in addition to CABG, as well as if they had severe kidney or liver disease (creatinine Ͼ133 mg/dL and bilirubin Ͼ2 mg/dL), symptomatic cerebrovascular disease, history of stroke, transient ischemic attacks, or atrial fibrillation. We also excluded patients who were unable to complete a preoperative assessment and those who could not speak English. Patients were randomly allocated to either cell saver or control (ie, cardiotomy suction) groups according to a computer-generated randomization code in predetermined size blocks. Patients were unaware of their group assignment.
Anesthetic Management
All patients received premedication with lorazepam 2 mg 1 to 2 hours before surgery. Anesthetic technique was standardized to include fentanyl 10 to 20 g/kg, midazolam 0.1 mg/kg, pancuronium 0.15 to 0.20 mg/kg, and isoflurane 0.5% to 1.5%. All patients received tranexamic acid 50 mg/kg intravenously after induction of anesthesia. After surgery, patients were transferred to the intensive care unit for postoperative ventilation. Sedation was achieved with propofol infusion 0.5 to 4 mg/kg per hour and morphine boluses. Patients were extubated according to standard criteria.
Operative Technique and Management of CPB
After median sternotomy, patients underwent harvesting of saphenous veins and internal thoracic arteries as conduits. Heparin was given to maintain activated clotting time Ͼ400 seconds. Management of CPB included systemic temperature drift to 33°C to 34°C (nasopharyngeal), alpha-stat pH management, mean perfusion pressure between 60 and 80 mm Hg, pump flow rates of 2.0 to 2.4 L/min per square meter, and hematocrit Ͼ20%. A single aortic cross-clamp technique was used in all patients. Myocardial protection was achieved with intermittent antegrade and occasionally retrograde cold blood cardioplegia. A 32-m filter (Avecor Affinity, Minneapolis, Minn) was used in the arterial perfusion line. Before separation from CPB, patients were rewarmed to 36°C to 37°C. During rewarming, the maximal inflow temperature was limited to 37°C. After separation from CPB, heparin was neutralized with protamine.
The continuous-flow cell saver (Fresenius Corporation, Concord, Calif) was used to process shed blood before returning it back to the patient. In control patients, cardiotomy suction was used in a standard closed venous reservoir where cardiotomy blood was collected and reinfused through the arterial circuit back to the patient. Both the cell saver and cardiotomy suction were used during the same time periods, from full heparinization (activated clotting time Ͼ400 seconds) to immediately after the initial dose of protamine was given.
Echocardiographic Assessment
A comprehensive transesophageal echocardiography examination with the use of multiplane 4-to 7-MHz probe and Hewlett-Packard Sonos 5500 echocardiograph (Philips Medical Systems, Andover, Mass) was performed after induction of anesthesia to rule out an intracardiac or valvular source of potential emboli. In addition to transesophageal echocardiography, epiaortic scanning was used by the surgeon to scan the ascending aorta from aortic valve to midaortic arch in transverse and longitudinal planes. A 6-to 15-MHz epiaortic probe (Philips Medical Systems, Andover, Mass) covered with ultrasound gel and wrapped in sterile Surgi-Tip transducer cover (CIVCO Medical Instruments, Kalona, Iowa) was utilized. Aortic atheroma was graded on a 4-point scale as previously described. 14 The real-time echocardiographic findings were communicated to the operating surgeons who were free to modify the operating technique and apply ultrasound guidance for any intended aortic manipulation to minimize potential embolization.
Transcranial Doppler Measurements
As a secondary outcome, we chose a subset of patients in each group with adequate transcranial Doppler (TCD) signal to determine whether the use of cardiotomy suction reduces the amount of TCD-detected emboli. Difficulty in obtaining an adequate acoustic window for TCD measurements in elderly patients is well recognized and limited the number of patients available for secondary outcome analysis.
TCD monitoring (MultiDop X4, DWL Electronic Systems, Sipplingen, Germany) of the middle cerebral artery was performed continuously from 2 minutes before cannulation of the aorta to 2 minutes after aortic decannulation. The technique of detection and analysis of embolic hits was used, as previously described. 15 We calculated a total number of emboli during CPB using a sum from both middle cerebral arteries.
Neuropsychological Testing
The neuropsychological testing was conducted 1 week before (baseline) and 6 weeks after surgery by a trained psychometrist blinded to the treatment arm assignment. The prehospital discharge testing was not conducted because such data are confounded by a variety of factors including medication, fatigue, pain, sleep deprivation, and the traumatic effects of surgery. 16 Moreover, the predischarge testing can be frustrating and difficult for some patients, which could compromise compliance on the 6-week follow-up tests.
The proposed battery of tests complied with the international consensus on assessing neuropsychological outcome 16 and included tests for learning and memory, attention, concentration, and psychomotor speed, as well as language and higher intellectual functioning. Of the battery of 12 tests, 10 main variables were chosen a priori to be used in the analyses: (1) Parallel versions of the tests were used when available to minimize learning effects between the baseline and 6-week follow-up assessments. If improved performance was reflected by a lower score (Trails A and B, Grooved Pegboard, Simple and Choice Reaction Times tests), the directional data were reversed so that all improvements gave positive change scores. Tests not completed were treated as omissions and not as failures.
To estimate the change in performance from baseline to 6 weeks after surgery, the raw scores for each test were converted to Z scores. A Z score was calculated for each main variable in each patient by subtracting the preoperative score from the postoperative score and dividing the difference by the preoperative SD of that variable. 17, 18 This standardized score allowed the classification of patients on the basis of the 1-SD rule. Patients with a positive score of Ͼϩ1 were considered improved, and patients with a negative score of ϽϪ1 were considered deteriorated. The primary outcome was the dichotomous cognitive deterioration variable based on the combined cognitive score.
Sample Size Justification and Statistical Analysis
Given that the prevalence of postoperative cognitive dysfunction at 6 weeks after CABG surgery is 36%, 5 to see a 50% reduction in cognitive dysfunction from 36% to 18% in patients receiving cell saver management strategy, with ␣ϭ0.05 and power 1Ϫ␤ϭ0.8, a group of 95 patients in each arm of the study is required, for a total of 190 patients in the randomization schedule. We estimated an attrition rate of 10%. The final sample size for randomization purposes therefore was increased to a total of 209 patients.
Comparability of both groups with respect to demographic data and surgical characteristics was tested with the use of 2 statistics on qualitative variables and the t test on quantitative variables. For the primary analysis of composite dichotomous cognitive outcome, the 2 groups were compared with the 2 test for differences in probabilities of a 2ϫ2 contingency table. Confidence intervals (CIs) for proportions were calculated at 95%. Paired t tests were used for the raw cognitive score comparisons between baseline and 6-week followup. A 2-tailed t test was used to compare the hematologic and coagulation laboratory parameters between the 2 groups at predetermined time points. The emboli count, extubation time, and hospital length of stay were analyzed with the Mann-Whitney U test. All analyses were performed on an intention-to-treat basis. A probability value Ͻ0.05 was considered significant. Statistical analysis was conducted with the use of SPSS computer software.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Randomization Schematic
Given the planned length of the study, it was decided to add additional test subjects to help ensure that a sufficient sample size was collected to determine a significant difference in cognitive decline if one existed. As a result, a total of 226 patients were randomized to compensate for potentially higher than expected dropout rates. The decision to add subjects was made without breaking the study blind. All randomized patients completed baseline cognitive testing (112 patients in the cell saver group and 114 in the control group). Patients who were not randomized included 5 patients who refused to participate in the study before surgery, 1 patient who sustained cardiac arrest before surgery, and 1 patient whose surgery was cancelled. Cognitive outcome could not be determined at 6-week follow-up in 13 and 15 patients in the cell saver and control groups, respectively (Pϭ0.72). In the cell saver group, the follow-up cognitive testing was not performed in 3 patients because of a change in planned surgical management (1, exploration of the ascending aorta; 1, mitral valve repair; 1, off-pump surgery), and 10 patients refused to participate in the follow-up cognitive testing. In the control group, the follow-up cognitive testing was not performed in 2 patients because of a change in planned surgical management (1, exploration of the ascending aorta; 1, off-pump surgery), 1 patient died, and 12 patients refused to participate in the follow-up cognitive testing.
Demographic Data and Surgical Characteristics
No differences were detected with respect to the baseline demographic data, preoperative variables, and surgical characteristics between the 2 groups ( Table 1) .
Neuropsychological Outcomes
Baseline neuropsychological test scores were similar between the 2 groups. The raw neuropsychological test scores are reflected in Table 2 .
On the basis of the primary composite outcome, cognitive dysfunction was present in 6% (95% CI, 1.3% to 10.7%) of patients in the cell saver group and 15% (95% CI, 8% to 22%) of patients in the control group (Pϭ0.038). The rates of cognitive improvement were similar between the 2 groups: 19% (95% CI, 11.4% to 26.6%) in the cell saver group versus 17% (95% CI, 9.8% to 24.2%) in the control group (Pϭ0.712) (Figure 1 ).
Aortic Atheroma Characteristics
The severity and distribution of atheroma were similar between the 2 groups. A total of 40 (36%) and 42 patients (37%) had atheroma Ͼ2 mm present in either the ascending aorta or aortic arch in the cell saver and control groups, respectively (Pϭ0.860).
TCD Findings
Adequate TCD signal was acquired in 43 patients (38%) in the cell saver group and 41 patients (36%) in the control group. Median emboli count was 90 (range, 5 to 1531) in the cell saver and 133 (range, 18 to 1811) in the control group (Pϭ0.31).
Hematologic Parameters and Postoperative Morbidity
The median amount of shed blood recycled via cardiotomy reservoir was 800 mL (range, 175 to 3840 mL). The median amount of red cell concentrate transfused after processing via cell saver was 401 mL (range, 188 to 980 mL).
Patients in the cell saver group had higher hemoglobin levels during the first 24-hour postoperative period. Patients in the control group had higher platelet count and lower international normalized ratio and partial thromboplastin time values at intensive care unit admission. No differences were detected in the discharge hematologic laboratory test values between the 2 groups (Table 3) .
A total of 28 patients (25%) in the cell saver group and 14 patients (12%) in the control group received fresh frozen plasma (FFP) transfusion at any time during the perioperative period (Pϭ0.018). The FFP transfused group received significantly more cell saver blood then the FFP not transfused group (PϽ0.0001) (Figure 2 ). Blood use and postoperative morbidity and mortality are reflected in Table 4 .
Discussion
Replacement of cardiotomy suction with the continuous-flow cell saver is a novel approach to improve neuroprotection and enhance recovery of cognitive function in patients undergoing cardiac surgery. The cell saver separates red cells from plasma and debris by washing and differential centrifugation, providing a high concentration of red blood cells and no or little contaminants. 19 The present study demonstrates that "cleansing" of the unprocessed shed blood reduces cognitive decline in elderly patients after CABG surgery. The overall incidence of cognitive dysfunction 6 weeks after surgery was 6% in the cell saver group versus 15% in the cardiotomy suction (control) group. Although our observed rates of cognitive dysfunction are considerably lower than expected at the inception of this study, they are consistent with the recent evidence of cognitive decline after cardiac surgery, ranging from 7.4% to 13.9%. 20 -22 Cerebral embolization is likely a primary mechanism of central nervous system injury after cardiac surgery. 14, 23, 24 However, the contribution of each type of embolic material (gaseous, solid, or lipid) to the perioperative brain injury is currently unknown. In the present study, the severity and 
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distribution of atheroma (a major contributor to solid particle embolization) were similar between the 2 groups. In addition, no difference existed in the TCD-detected embolic count, predominantly representing larger emboli. Consequently, it is likely that the better cognitive scores in the cell saver group were primarily attributed to the lower lipid cerebral embolic load. This hypothesis is supported by a recent report from Kaza et al, 25 who showed that fat particles as small as 10 to 50 m are effectively removed by the cell saver compared with the cardiotomy suction management strategy. Such microscopic particles of fat would travel through the middle cerebral artery undetected by the TCD devices. Interestingly, an experimental animal study was performed to determine the brain tolerance to cerebral microemboli, comparing the size versus quantity of the embolic load. The investigators noted that embolic material originating from human carotid atheromatous plaques was composed of various sizes of particles, the smaller particles (20 to 60 m) being 90 times more common than larger ones (60 to 100 m). Furthermore, smaller particles were more likely to cause neuronal ischemia and subtle neurological dysfunction, whereas larger particles were more likely to cause brain infarction. 26, 27 If the same relationship exists during CPB in patients undergoing cardiac surgery, the amount of embolic load to the brain is many-fold greater for smaller emboli. Consequently, one would expect that subtle and diffuse neurological dysfunction would be more common than clinically apparent focal neurological sequelae (ie, stroke). Indeed, this observation has been confirmed by numerous clinical studies.
Recent clinical studies have also emphasized the existence of an association between the cerebral embolic load and the task-orientated reduction in cerebral blood flow in the affected areas of the brain, as identified by functional magnetic resonance imaging. 24, 28 Furthermore, it is possible that any inflammatory processes that follow an initial embolic insult can considerably modulate the extent of injury resulting in deleterious systemic hemodynamic effects, 29 as well as cognitive dysfunction. 30, 31 In fact, the inflammatory mediators are decreased in cell saver blood, 8 and decreased systemic inflammatory response has been observed in patients without cardiotomy suction. 32 Therefore, the reduced cognitive decline observed in the cell saver group may also be due to modified systemic inflammatory response with the application of cell saver. However, this hypothesis was not tested directly in our study. Although the transfusion outcomes were not the primary objective of our study, they deserve some commentary and possibly further prospective evaluation. First, patients in the cell saver group had higher hemoglobin levels during the first 24 hours after surgery; however, the perioperative packed red cell transfusion rates were similar between the 2 groups. Second, patients in the cell saver group had higher international normalized ratio and lower platelet count at the time of intensive care unit admission. These findings are likely a reflection of the principle of the cell saver methodology. Although the cell saver is efficient in removing the detrimental debris from shed blood, it "cleans" the blood from plasma and platelets. The result of this process is a red cell mass with a high hematocrit, which may result in a dilutional coagulopathy if transfused in large quantities. A post hoc analysis showed that the group of patients that received a FFP transfusion had a significant increase in the amount of transfused cell saver blood (Figure 2) .
A recent small randomized study by Jewell et al 9 showed that postoperative blood loss, hemoglobin concentration, platelet count, and blood product transfusion were similar between the patients managed with either cell saver or cardiotomy suction. Two other studies reported that employment of cell saver was not associated with any adverse impact on coagulation parameters or increased blood product transfusion rates. 33, 34 However, the extensive use of cell salvage systems to process cardiotomy blood may lead to a critical loss of coagulation factors and platelets, resulting in a bleeding diathesis. 35 The findings of our study are in agreement with the latter statement. Recent clinical practice guidelines of perioperative blood transfusion and blood conservation in cardiac surgery prepared by the Society of Thoracic Surgeons and the Society of Cardiovascular Anesthesiologists task forces suggest that on the basis of available evidence, only a weak recommendation for autotransfusion during CPB with a cell-saving device can be made. The authors agreed that most of the studies were too heterogeneous and underpowered to draw firm conclusions. 36 A large, prospective, randomized controlled trial with the primary objective concentrating on transfusion outcomes would be required to provide further evidence.
In conclusion, the present report is, to the best of our knowledge, the first randomized controlled trial demonstrating that processing of shed blood with a continuous-flow cell saver results in clinically significant reduction in postoperative cognitive dysfunction after CABG surgery. These findings emphasize the clinical importance of lipid embolization in contributing to postoperative cognitive dysfunction in patients exposed to CPB.
